Background. Cerebral microemboli (ME) are frequently generated during orthopaedic surgery and may impair cerebral integrity. However, the nature of cerebral ME, being either of solid or gaseous origin, is poorly investigated. Our primary aim was to determine both the frequency and nature of cerebral ME in generally anaesthetised patients undergoing major orthopaedic surgery. Methods. Fifty patients (hip/knee/shoulder prosthesis, spine surgery) were enrolled. Cerebral ME and cerebral blood flow velocity (CBFV) were determined in both middle cerebral arteries for 15 min preoperatively and postoperatively, using transcranial Doppler ultrasound. Cerebral tissue oxygen index, determined by near-infrared spectroscopy, was further examined. Statistical analysis was carried out using the Wilcoxon matched-pairs signed-ranks test (median (25
Cerebral microembolization regularly occurs during orthopaedic surgery. 1 Solid or gaseous microemboli (ME), which enter the venous circulation intraoperatively, can reach the brain through intrapulmonary shunts or right-to-left shunts within the heart. Small gaseous ME are further able to pass pulmonary capillaries. 2 Emboli counts during orthopaedic surgery, determined by transcranial Doppler (TCD) ultrasound, vary from low (< 10 ME/ surgical procedure) to high numbers (> 100 ME/surgical procedure) in total. 1 But these counts may be biased, because TCD ultrasound was used intraoperatively, and both surgical manipulation and diathermy may lead to false positive ME by TCD technology. 3 Although cerebral microembolization is supposed to affect cerebral integrity 1 4 and different origins of cerebral ME are discussed (e.g. fat, thrombus, tissue, cement, gas, microbubbles), the true nature of ME, being either of solid or gaseous origin, is poorly investigated. The primary objective of this study was to determine the amount and nature of cerebral ME in generally anaesthetised patients undergoing major orthopaedic surgery. For that, cerebral ME were detected and differentiated into solid or gaseous ones, in both middle cerebral arteries (MCAs) using TCD ultrasound. To exclude intraoperative artifacts, TCD measurements were performed preoperatively and postoperatively. Additionally, we assessed cerebral blood flow velocity (CBFV) of the MCAs by TCD ultrasound and the tissue oxygen index (TOI) of the frontal lobes by near-infrared spectroscopy (NIRS) to investigate cerebral perfusion and oxygenation. 
Methods

Ethics approval
Study population
Patients aged between 50 and 90 yr, who were undergoing major orthopaedic surgery under general anaesthesia, were included. Major orthopaedic surgeries comprised the implantation of elective hip, knee, and shoulder prosthesis, or spine surgery lasting more than three h. General anaesthesia was induced with bolus injection of fentanyl (2 lg kg À1 ) and propofol (2 mg kg À1 ), and rocuronium (0.6 mg kg À1 ) was used for neuromuscular paralysis. Maintenance of anaesthesia was achieved with sevoflurane (minimum alveolar concentration: 0.8-1.3) and fentanyl (by bolus injection). Mean bp was held within 25% of preoperative values using neosynephrine (by bolus injection) or noradrenaline (by syringe pump). Exclusion criteria of the study were: medical history of severe aortic or mitral valve stenosis, medical history of severe aortic or mitral regurgitation, presence of mechanical or biological heart valves, medical history of carotid stenosis > 70%, medical history of vascular dementia or Alzheimer's disease.
Study protocol
Data collection Data were collected twice for 15 min, directly before patient transfer to the operating room and immediately after patient discharge from the operating room. All patients were awake and spontaneously breathing during the preoperative and postoperative examinations, which were equally performed in a supine position with 30-degree elevation of the upper body. An advanced TCD probe was used to verify whether major orthopaedic surgery under general anaesthesia leads to cerebral ME and to determine the embolic nature. CBFV of both MCAs was continuously measured to investigate cerebral perfusion. 5 The TOI of both frontal lobes, determined by NIRS, was assessed to examine regional cerebral oxygenation. Venous blood gas analyses were carried out preoperatively and postoperatively, to investigate laboratory changes before and after surgery.
TCD ultrasound
The recent generation of multifrequency pulsed TCD technology (Doppler BoxX, Compumedics Germany GmbH, DWL, Singen, Germany) was used. The MCAs were bilaterally insonated with a pulsed-wave transducer at both 2 and 2.5 MHz through the temporal acoustic window. A head frame (DiaMon, Compumedics Germany GmbH, DWL, Singen, Germany) for continuous recording of cerebral ME was applied to retain the position of the TCD probe. High-intensity transient signals were differentiated into artifacts, solid or gaseous ME by the TCD software according to the algorithm described by Devuyst and colleagues. 6 The algorithm is based on the fact that solid ME reflect ultrasound at lower frequencies ( 1.600 Hz) and decibel ranges ( 14 dB) than gaseous ME (> 1.600 Hz, > 18 dB). Cerebral ME were detected and differentiated in real-time automatically, and the emboli counts were subsequently reviewed off-line. The TCD examinations were carried out in compliance with the guidelines from the International Consensus Group on Microembolus detection. 7 8 Scale settings and power output were adjusted to provide an optimal signal-to-noise ratio. The insonation depth ranged between 55 and 65 mm. The threshold for ME registration was 9 dB, the sample volume length was 8 mm and the pulse repetition frequency was 7 kHz. CBFV (mean flow velocity) of both MCAs was determined additionally. Fast Fourier-transform spectrograms, which continuously indicate CBFV, were recorded.
NIRS
An ultra-rapid NIRS device (Niro-200NX, Hamamatsu, Japan) was used to determine the TOI of both frontal lobes in real-time.
The TOI indicates the regional oxygen saturation level which correlates with the regional cerebral perfusion. 9 Detection and emission probes were laterally placed above the eyebrow. They
Editor's key points:
• Cerebral microemboli are common during orthopaedic surgery.
• Modern transcranial Doppler technology enables accurate detection of the number and nature of emboli.
• Fifty patients undergoing major joint replacement or spinal surgery were investigated.
• Gaseous emboli were much more common than solid emboli and increased sixfold in incidence after surgery.
were fixated with the manufacturer's adhesive holder and covered with a black cloth to prevent artificial light artifacts.
Statistical analysis
We performed a sample size calculation (G*Power 3.1, Heinrich Heine University Duesseldorf, Germany), that suggested a study population of 50 subjects. The assessment of expected differences and standard deviations was based on pre-existing data of cerebral microembolization during orthopaedic surgery. 4 Calculation included an alpha level of 0.05, a power of 0.8, an effect size of 0.5, the Wilcoxon signed-ranks test (matched-pairs), and a drop-out of 20% as a result of potential absence of the temporal acoustic window or because of refusal of the postoperative investigation.
Data of the TCD and NIRS examinations were reported as median with interquartile ranges (25 th and 75 th percentile). The set of data was tested for Gaussian distribution using the D'Agostino-Pearson omnibus test. Statistical analysis referring to non-normally distributed data was carried out using the Wilcoxon matched-pairs signed-ranks test. Statistical analysis referring to normally distributed data was carried out using the paired Student's t-test (one-tailed). A P-value of < 0.05 was considered statistically significant. The Bonferroni correction was used for multiple comparisons. We used GraphPad Prism software version 6.0f for Mac (GraphPad Software, La Jolla, California, USA) to perform the statistical analysis and to create the figures.
Results
Fifty patients were enrolled in the study. The data of 39 patients were included in the final analysis (Table 1) . Eleven patients were withdrawn from the study either as a result of absence of the temporal acoustic window (n ¼ 7) or because of refusal of the postoperative investigation (n ¼ 4). Surgical procedures were: implantation of hip (n ¼ 19), knee (n ¼ 14) or shoulder prosthesis (n ¼ 3), or spinal surgery lasting more than three h (n ¼ 3). Anaesthesia time (mean (standard deviation)), defined from induction of anaesthesia until tracheal extubation, was 176.4 (59.2) min. Cerebral ME (median (25 th ; 75 th percentile) number during 15 min) were detected preoperatively in the study population, and the overall number of cerebral ME increased about sixfold after surgery (21 (6; 63) vs 126 (24; 373), P < 0.001). Both the preoperative number and the increased number of postoperative cerebral ME were particularly attributed to gaseous ME (19 (6; 63) vs 116 (24; 373), P < 0.001). Solid cerebral ME increased after surgery too (1 (0; 2) vs 2 (0; 6), P < 0.001), but their number was very low before and after surgery (Fig. 1) . CBFV of both MCAs and the TOI of both frontal lobes remained preoperatively and postoperatively unchanged. While CBFV was bilaterally low (< 40 cm/s), the cerebral TOI was in the physiological range ( Table 2) . Values of venous blood gas analyses were within slight variations before and after surgery (Table 3) .
Discussion
The primary objective of this study was to clarify the number and nature (solid vs gaseous) of cerebral ME, in patients undergoing major orthopaedic surgery under general anaesthesia using TCD ultrasound. The main finding of the study is a sixfold increase in overall cerebral ME after surgery, that is primarily based on gaseous ME. Secondary, we raised the question if the surgical procedure affects regional cerebral perfusion or oxygenation, but both remained preoperatively and postoperatively unchanged.
Impact of orthopaedic surgery on cerebral ME
Studies on cerebral ME during orthopaedic surgery agree on the occurrence of cerebral microembolization. A comprehensive review 1 reports that cerebral ME were detected in all 14 studies, though not in every single patient. 10 While emboli counts reported in the current literature were often low (< 10 ME/surgical procedure) in total, high numbers (> 100 ME/surgical procedure) were found in several patients. 1 These findings are in accordance with our results, where the number of cerebral ME varied individually. However, as former studies investigated the cerebral ME count during the surgery, some ME might have been present already before the surgery. Thus, we designed our study to be able to compare the number of cerebral ME preoperatively and postoperatively, thereby being able to identify a preoperative baseline cerebral ME count. Preoperative and postoperative investigations allowed us to exclude the influence of intraoperative manipulation and usage of diathermy, as both may lead to false positive ME. 3 As previous studies did not investigate the nature of cerebral ME occurring during orthopaedic surgery -apart from one study 11 which showed both solid and gaseous ME in nine patients -we particularly focused on the clarification of the true nature of cerebral ME. Based on the differentiation of ME into solid or gaseous ones, we found out that primarily gaseous ME lead to both, the preoperative amount and the postoperative increase of cerebral ME (Fig. 1) . The question was raised in the past, whether gaseous ME are truly separable from solid ones, but according to recent research modern TCD ultrasound can reliably classify high-intensity transient signals into artifacts, gaseous or solid ME. 6 12-14 It remains unclear whether cerebral ME occur as a result of the surgery itself or because of the general anaesthesia. Thus far, the preoperative occurrence and postoperative increase in the number of gaseous ME was much greater than within solid ones. This finding suggests that general anaesthesia might be an alternative source of cerebral ME, where gas may enter the blood circulation, for example, along i.v. injection, from blood recovered from cell-saver, infusions, banked blood, or drug administration by syringe pumps. 15 16 However, surgical procedures such as jet-lavage, tourniquet release, opening of venous blood vessels, or impaction of bone components which elevates the intramedullary pressure, could also generate gaseous or solid ME. 10 17 Preceding studies 1 18 also found the correlation between patent foramen ovale and higher emboli counts, suggesting that individual patient factors may contribute to ME formation. Indeed, our finding of preoperative cerebral microembolization gives further evidence of a multifactorial development of cerebral ME. Respectively, peripheral and central venous cannulation 19 , gas bubbles along i.v. lines or dissolved in preoperative infusions 20 , or flow phenomena (e.g. microbubble formation at vessel bifurcations, low cerebral blood flow) 21 22 may lead to preoperative gaseous ME. Atherosclerotic plaques may lead to solid ME. 23 The clinical consequence of cerebral microembolization is controversially debated and widely unresolved. [24] [25] [26] While orthopaedic surgery may be more assigned to produce solid emboli 1 , these were contrary to gaseous ones only present in a very low amount. This finding may be one reason, why former research found no correlation between postoperative cognitive decline and the number of cerebral ME. 14 Namely, because gaseous ME, as they can be absorbed in flowing blood 27 , may be accounted to be less damaging the brain than solid ones. 28 Differently, Skjelland and colleagues 29 suggest that both, gaseous and solid ME may injure cerebral integrity. Cerebral gaseous ME potentially impair the blood-brain barrier by activating leucocytes, the coagulation system and complement, which leads to neuronal inflammation. 19 25 Microbubbles can further interrupt blood flow of cerebral arterioles temporarily. After microbubble absorption, normalization of blood flow can be incomplete, thereby potentially leading to local cerebral ischaemia. 19 30 Hence, we suppose that the high amount of gaseous cerebral ME after surgery probably affects postoperative cerebral outcome, which is suggested to be further influenced by postoperative inflammation 31 , perioperative cerebral perfusion 32 and patient-centred factors (e.g. age, comorbidities). 26 33 Impact of orthopaedic surgery on CBFV and cerebral TOI CBFV of both MCAs and the TOI of both frontal lobes remained unaltered before and after surgery ( Table 2 ). As regional cerebral oxygenation correlates with regional cerebral perfusion 9 34 , the unchanged TOI is consistent with our finding of an unchanged CBFV. While CBFV was bilaterally lower (< 40 cm/s) than physiological reference values 35 , the cerebral TOI was in the physiological range. Focusing on the age of the participants, it was above 50 yr and aging correlates with decreased CBFV. 36 37 The latter might therefore explain that CBFV was preoperatively and postoperatively low, because of the patient's age and associated comorbidities (e.g. hypertension, atherosclerosis). However, the physiological values of cerebral TOI suggest despite the rather low CBFV a sufficient cerebral oxygenation of the study population before and after surgery.
Study limitations
The inclusion criteria comprised elective hip, knee, and shoulder prosthesis or spinal surgery lasting more than three h. As a result of the rather low patient number we did not investigate whether specific types of surgery are linked to the emboli counts or their nature. This decision was substantiated with the concept from Silbert and colleagues 1 , stating that any orthopaedic surgery involving bone and intramedullary instrumentation is most likely associated with embolic events. Furthermore, as subgroup analyses require a high number of patients, no additional subgroup analyses were performed to avoid wrong results and conclusions. Indeed, our study involved a rather heterogeneous population of patients -not only the types of surgery and their duration varied, but also the age of patients and their comorbidities ( Table 1) . The limitations of our study concerning the methods lie in the general limitations of TCD usage. Primarily it is operatordependent and the emboli counts may vary according to the position of the ultrasound probe. Although modern TCD technology allows classification of high-intensity transient signals into artifacts, gaseous or solid ME with high accuracy, a low number of false positive ME cannot be completely excluded. Using TCD ultrasound is also impeded by inadequate temporal acoustic windows, occurring in 10-20% of people 36 , and this reduced the patient number in our study. Furthermore, TCD technology is very sensitive and easily responsive to any distortions such as patient movement or talking, therefore allowing us a rather short time-period of measuring (15 min preoperatively and postoperatively) under eminently suitable conditions. In comparison to other studies on orthopaedic surgery evaluating postoperative cognitive dysfunction, our study protocol was lacking this assessment.
Nonetheless, our main question was to clarify the number and true nature of cerebral ME occurring during major orthopaedic surgery under general anaesthesia. Accordingly, the strength of our methods lies in the application of recent TCD technology, known for possessing the software for emboli differentiation with high sensitivity and specificity. The study protocol also conformed to the suggested methods of reporting accurate TCD specifications and criteria for emboli detection. Further we were able to detect a preoperative baseline count of cerebral ME, as this is the only study in its field where quantitative and qualitative data were collected shortly before and right after surgery.
Future studies could discover the main source of cerebral ME, if emboli counts are linked with individual patient factors, specific surgical procedures and anaesthetic techniques (general vs regional anaesthesia) in a high number of patients. To clarify the impact of cerebral ME on postoperative cerebral outcome, patient-centred factors (e.g. age, comorbidities), the surgery time, intraoperative blood loss, postoperative mobilisation, or the duration of hospitalisation periods should be additionally investigated.
Conclusions
In summary, our results indicate that cerebral microembolization increases considerably after major orthopaedic surgery under general anaesthesia. Notably, the nature of cerebral ME was primarily of gaseous origin. While surgery involving bone may be more prone to produce solid ME, the increase of particularly gaseous ME suggests that general anaesthesia may contribute to the postoperative number of cerebral ME, independent of the surgical procedure. The preoperative occurrence of cerebral ME further implies a multifactorial pathogenesis of cerebral microembolization, where individual patient factors (e.g. i.v. lines, flow phenomena, atherosclerotic plaques) may play a key role. Finally, given their deleterious cerebral effects (e.g. impairment of the blood-brain barrier, occlusion of arteriolar cerebral flow) it is likely that significant increases of gaseous cerebral ME after surgery may affect postoperative cerebral outcome.
